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Abstract 
Enhanced Coalbed Methane production (ECBM) involves the injection of CO2 to desorb CH4 from coal seams, and offers 
significant potential for deploying Carbon Capture and Storage (CCS). An essential starting parameter, determined in the 
laboratory, is the absolute CO2 storage potential of the coal matrix, being the sum of the adsorption and pore-filling capacity. 
Unfortunately, conventional methods to determine storage capacity in the laboratory (i.e. the manometric and gravimetric 
sorption methods) may be subject to errors. Although many improvements are made to these techniques, there is no independent 
method available to determine the uptake of CO2 in the coal matrix.  
We report a newly developed technique that directly measures CO2 uptake of solid coal matrix cylinders, without the application 
of the EoS for CO2 or volumetric corrections of any kind. The technique makes use of a capsule composed of ductile metals (Au 
and In) to jacket a coal matrix sample, and traps the CO2 taken up by coal matrix samples directly. The samples were saturated 
with CO2 at a fixed CO2 pressure between 0 and 16 MPa and a temperature of 40 °C.  
Our results show that (1) nearly all of the CO2 present in our samples is adsorbed to the coal surface, and (2) the uptake of CO2 
by our samples is directly dependent on the chemical potential of free CO2. Further testing is however required to understand the 
adsorption behaviour of our samples, and to assess the broader applicability of the new technique. 
 
© 2010 Elsevier Ltd. All rights reserved 
1. Introduction 
Enhanced Coalbed Methane production (ECBM) involves the injection of CO2 to desorb CH4 from coal seams, 
while trapping CO2 as a preferentially adsorbed phase. The method offers significant potential for deploying Carbon 
Capture and Storage (CCS) in regions with much unmineable coal. Successful ECBM or CCS operations in coal 
require reliable predictions of the in situ physical and chemical effects of CO2 upon the coal, i.e. a clear 
understanding of coal-CO2 interaction processes under relevant subsurface conditions. An essential starting 
parameter, determined in the laboratory, is the absolute CO2 storage potential of the coal matrix, being the sum of 
the adsorption and pore-filling capacity. In this contribution, we review difficulties recently raised regarding the 
methods generally used to measure CO2 sorption by coal, and we report a new method which we have developed to 
overcome these difficulties. 
To date, research has focus on the adsorption potential of coals by conducting manometric and gravimetric 
sorption tests on powdered coal samples that are flooded with CO2 under unconfined, isostatic conditions [e.g. 1, 2]. 
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These techniques are usually applied to determine the Gibbs Surface Excess (GSE), i.e. the amount of adsorbed CO2 
present in the coal in excess of the free, bulk phase present at constant pressure and temperature [e.g. 3]. 
As recently discussed, e.g. by Sakurovs et al. [4], Yu et al. [5], Condon [6] and Romanov et al. [7], a number of 
fundamental problems are associated with the application of the manometric and gravimetric methods of measuring 
sorption by CO2-equilibrated coal. Firstly, swelling of the coal upon equilibration with CO2 produces a substantial 
error in corrections made for the free, bulk phase present in the pores. Secondly, the reliability of He-pycnometry as 
a method to correct for the free, bulk phase (manometric method) or buoyancy effects (gravimetric method) may be 
questioned, because He and CO2 may not fill the same pore space in coal, and because the probe gas He itself may 
adsorb to the coal slightly. Thirdly, the thermophysical properties of pure CO2 near the critical point, as predicted by 
the EoS, are extremely sensitive to the presence of chemical impurities [8], in particular to species that are extracted 
from coal by supercritical CO2 [9]. Despite attempts made to improve the accuracy of GSE methods in coal-CO2 
systems [10-13], these issues are extremely difficult to resolve. Hence, there is a clear need for an independent 
method to determine CO2 uptake by coal. 
We have performed CO2 uptake experiments on high volatile bituminous coal (Brzeszcze, Poland) at 40 °C, 
using CO2 pressures up to 13.8 MPa. We employ a newly developed technique that directly measures CO2 uptake of 
solid coal matrix blocks. The method does not require application of the EoS for CO2 at high pressures and does not 
require volumetric corrections of any kind. The technique involves directly trapping the CO2 taken up by small 
cylinders of coal matrix, using a capsule composed of ductile metals (Au and In) to jacket the coal matrix sample (4 
mm long and 4 mm in diameter). The new method allows us to determine the total amount of CO2 taken up by a 
solid piece of coal matrix, including adsorbed and free CO2.  
 
2. Experimental method 
2.1. Sample preparation 
The experiments were performed on high volatile bituminous coal, exposed in the Brzeszcze mine, in the Upper 
Silesian Basin of Poland (Nowak, 2004). Petrological analyses were performed at the Geochemical Laboratory of 
the Netherlands Organization for Applied Scientific Research (TNO), in Utrecht, and showed that the coal had a 
vitrinite reflectance of 0.77 ± 0.05 %, and contained 59.8 % vitrinite, 9.8 % liptinite and 30.0 % inertinite. Note that 
these analyses were performed on a random selection of crushed material from a large, approximately 200 kg block. 
A 10 cm fragment was cut from this block using a diamond powder covered sawing blade. Then, a series of small 
cores with a diameter of 4.00 mm and length of ~6 mm (Fig. 1) were drilled using a water-cooled pillar drill. 
Although the cylindrical samples were taken from a dense coal layer that may have slightly different petrological 
properties than the average properties listed above, their composition and properties are assumed to be constant 
throughout the layer. The flat ends of the cores were ground, yielding perfectly flat and parallel ends, and an exact 
sample length of 4.00 mm (in the case experimental CO2 pressure P = 0-10 MPa) or 2.00-3.00 mm (P > 10 MPa). 
Each sample was individually inspected using an optical microscope to guarantee the absence of damage other than 
small scratches produced by the grinding procedure. Five different samples were selected for further use in the 
experiments. 
 
Fig. 1: Series of samples, 4.00 mm in 
diameter, drilled from a 10 cm fragment of 
high volatile bituminous coal from the Upper 
Silesian Basin in Poland. a) Samples drilled 
as a continuous row in one coal layer b) 
Samples taken out of the coal layer. 
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2.2. Experimental setup 
The experiments were preformed using a newly developed encapsulation technique. This new method allows a 
measurement of the absolute mass taken up by coal samples saturated with supercritical CO2 under hydrostatic fluid 
pressure and constant temperature, such that the swelling of the samples is accommodated by ductile deformation of 
the metals Au and In, from which the capsule is constructed. The capsule has three main components, where (1) a 
cone and swage ring technique at the top of the capsule enables the sealing the sample, (2) ductile Au and In 
encapsulate and hold the sample, while allowing swelling to occur, and (3) an Al foil bag capturing the desorbed 
CO2. The capsule can be placed in a capsule holder, and inserted in an oedometer type compaction cell. This 
compaction cell is constructed of Monel K-500 [14] and can be mounted in an Instron 8862 servo-mechanical 
loading frame, connected to an ISCO 65D syringe pump to allow the introduction of CO2 at a pressure of 0-18 MPa.  
The pressure in the system is controlled by the ISCO 65D syringe pump, which (in pressure control mode) can be 
operated up to 137.9 MPa fluid pressure. The pressure is measured and controlled using a Honeywell TJE 0-137.90 
MPa (2000 psi) pressure transducer, located at the top of the syringe pump cylinder, having an absolute accuracy of 
± 0.6895 MPa (10 psi). In addition, a more sensitive MSI 0-35 MPa (± 0.035 MPa) pressure transducer was used to 
attain better resolution and accuracy.  
Heating of the compaction cell (holding the capsule) to 40 °C was achieved using a PID-controlled furnace. The 
temperatures of the sample, syringe pump, furnace and in the laboratory were all measured using type-K 
thermocouples. Thermocouple signals were conditioned using a module based on an Analog Devices AD595C cold 
junction compensation integrated circuit. All temperature signals were calibrated using a multifunction reference 
thermometer accurate to 0.6 °C, and were individually scaled using a sixth-order polynomial. 
The volume of CO2 captured in the Al foil bag was determined using the Archimedes method (in water at room 
temperature). We therefore used a special density kit set up in a Mettler AE163 analytical balance. This balance 
reads with a precision of 0.00001 g, and following the Archimedes method applied here, yields a volume precision 
of ~10 nl. However, due to evaporation of the water, room temperature changes, and other environmental 
disturbances of the weighing system, the spread in mass is ~0.0005 g, yielding a precision of ~0.5 l on the volume 
of CO2 present in the inflated bags. As a consequence, the error introduced by the weighing procedure is dependent 
on the volume of the inflated bags. A sample with a high uptake of CO2 thus has a small error.  
 
 
Fig. 2: Experimental setup 
consisting of a Monel K-500 
compaction cell in an Instron 
8862, coupled to an ISCO 65D 
syringe pump. The ductile metal 
capsule is placed in the 
compaction cell using a capsule 
holder. 
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2.3. Experimental procedure 
The capsule is first pressed onto the coal sample under a hydrostatic pressure of 5.6 MPa (directly from the CO2 
bottle) so that it exactly fits the sample. After pres-pressing, experiments were conducted in several stages, at a CO2 
pressure between 0 and 18 MPa and a constant temperature of 40 °C. The pre-pressed capsule was placed in the 
vessel inside the capsule holder. Then, the complete system was heated to 40 °C, vacuumed for 1 h and isolated by 
the closure of valve A (Fig. 2). CO2 was allowed into the capsule by opening valve B (Fig. 2) at a constant CO2 
pressure, which was controlled using the ISCO syringe pump (Fig. 2). The swelling of the sample, which occurs due 
to adsorption, was accommodated by deformation of the capsule, composed of ductile Au and In. After 24 h, 
equilibrium was assumed to be reached, and the sample was sealed in the capsule by pressing the cone firmly into 
the swage ring. The CO2 present in the coal is thereby captured. A drop in the hydrostatic pressure outside and 
inside the capsule initiates desorption, upon which the CO2 expands, escapes the capsule and inflates the Al foil bag 
attached.  
At ambient conditions, the volume of the capsule and inflated Al bag containing the desorbed CO2 is determined 
using the Archimedes method. The bag was then deflated, and the volume of the set is determined again. The 
difference between the two volumes is the volume of CO2 taken up by the coal and trapped in the bag, and was 
recalculated to mmol per gram of coal (mmol·gcoal-1) using the density of pure CO2 at ambient conditions. After these 
measurements, the capsule was opened to retrieve the sample for later re-use. Several control experiments were 
performed to test the reliability of the individual components in the new setup. 
 
3. Preliminary results and discussion 
We performed 8 experiments on mm-scale, cylindrical coal matrix samples, taken from the same layer in a high 
volatile bituminous coal. The experiments were conducted at an applied CO2 pressure of 0-13.8 MPa, and a constant 
temperature of 40 °C, using a newly developed capsule technique. Fig. 3 shows an example of a capsule after a 
successful experiment, as demonstrated by the inflated Al foil bag attached to it. 5 samples were tested, of which 2 
samples were used more than once. The data are plotted in Fig. 4, showing the CO2 uptake n versus the CO2 
pressure P. This curve shows a clear, continuous increase in CO2 uptake to ~3.8 mmol·gcoal-1 at 13.8 MPa CO2 
pressure. More specifically, the uptake of CO2 by the samples shows a non-linear dependence on CO2 pressure, 
where at P < 6 MPa the uptake is ~0.43 mmol·gcoal-1·MPa-1, while at P > 6 MPa a lower sensitivity to pressure can be 
observed of ~0.12 mmol·gcoal-1·MPa-1. The data follow these trends to within a band of ~0.5 mmol·gcoal-1, as also 
shown by the repeated experiment at 10.0 MPa CO2 pressure. Unfortunately, the high measurement error at P > 10 
MPa makes it unable to comment on a possible stable maximum in CO2 uptake as a function of CO2 pressure (max. 
error 0.28 mmol·gcoal-1 at 18.1 MPa). 
 
Fig. 3: Example of a ductile metal capsule after an experiment. The capsule holds a 
sample which is 4.00 mm long and4.00 mm in diameter. The Al foil bag, attached to 
the bottom is inflated, and its volume at this stage was determined using the 
Archimedes Method  
 
The successful application of our newly developed experimental technique shows that the uptake of CO2 by the 
coal matrix can be measured independently of the application of the EoS of CO2, He-porosimetry and volumetric 
correction of any kind. The resulting measurements show that, under the condition investigated, the uptake of CO2 
by our samples strongly increases with pressure to the maximum of ~3.8 mmol·gcoal-1. As no jumps in CO2 uptake 
are visible, which could be expected near the critical pressure of CO2 at 7.3 MPa, the amount of free CO2 present in 
the pores of the coal matrix must be negligible compared with the amount adsorbed on the micro- or nanopore 
surface.  
The absence of a free phase in our samples markedly simplifies a thermodynamic treatment of the observed 
behaviour. First of all, adsorption processes are driven by gradients in chemical potential, and will be at equilibrium 
when the potential of the free fluid (free) is equal to the potential of the adsorbed phase (ads). Fig. 5 illustrates the 
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dependence of the CO2 uptake on the change in chemical potential of the free CO2 and shows that the CO2 uptake of 
our samples, under the improved condition of free swelling, is an exponential function of the change in chemical 
potential of CO2 at test conditions, taking the chemical potential at 0.6 MPa as a reference condition.  This shows 
that the samples are likely to have equilibrated with the external applied CO2, and further suggests behaviour which 
is consistent with an ideal solution model. 
Our data show that the new method has the potential to accurately determine the uptake of many adsorbates by 
swelling adsorbents in general, and may also be applied to investigate CO2 uptake by shale and clay caprocks in the 
context of CO2 storage in depleted oil and gas reservoirs. Additional experiments must be performed to determine 
the adsorption behaviour of our samples better, and on other samples to assess the broader applicability of the new 
technique. 
 
Fig. 4: CO2 uptake of our samples as a 
function of CO2 pressure. The data show 
a continuous increase in CO2 uptake, at 
constant temperature of 40.0 °C. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: CO2 uptake of our samples as a function 
of the chemical potential of the free CO2. The 
curve shows an exponential dependence of CO2 
uptake on the chemical, at constant temperature 
of 40.0 °C. 
 
4. Conclusion 
The experiments performed in this study aimed to asses the applicability of a newly developed method to the 
uptake of CO2 by the coal matrix. We performed experiments on cylindrical coal matrix samples (4.00 x 4.00ø mm) 
of high volatile bituminous rank. The samples were saturated with CO2 at a fixed CO2 pressure between 0 and 16 
MPa and a temperature of 40 °C. Our findings can be summarized as follows: 
1. The new encapsulation method is successful in directly measuring the absolute, total uptake of CO2 in 
coal matrix material, under the condition of free swelling. The method does not require major 
volumetric corrections, assumptions related to the pore structure of coal, He-porosimetry, or the 
application of the EoS of CO2. 
2. However the method does not distinct between a free and an adsorbed phase, the absence of jumps near 
the critical pressure of CO2 (i.e. 7.3 MPa) shows that nearly all of the CO2 present in our samples is 
adsorbed to the coal surface. 
3. The uptake of CO2 by our samples is directly dependent on the chemical potential of free CO2, implying 
that the samples (1) have equilibrated with the free phase, and (2) equilibrate with the free CO2 
following an ideal solution model. 
4. Further testing is required to understand the adsorption behaviour of our samples, and to assess the 
broader applicability of the new technique. 
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